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ABSTRACT Putidaredoxin (Pdx) plays an essential role as an electron donor and effector in the biochemical cycle involving
cytochrome P450cam. Only recently has an NMR-derived structure for this protein been published, but because of the
presence of a paramagnetic Fe2S2 center, the NMR assignment could not be completed for residues within a region of 8 A
around the active site. That region was modeled by homology with a related protein. The structural refinement for those
experiments was done in vacuum, without the use of electrostatic terms in the force field. The present manuscript will
describe and discuss a series of long-time, unrestrained, solution molecular dynamic runs for this system. Results will be
presented that construct a molecular-level picture that rationalizes experimental results concerning the conformation and
mobility of the C-terminal residue Trp106. At least two different conformers are found for this residue during the simulations.
The time scale for interconversion between them is found to be in the subnanosecond regime. The results presented here
open the possibility for studying binding and electron transfer between Pdx and P450cam, in a framework that allows for
dynamical information to be used during the computational process, instead of the single structures deposited on the protein
data base.
INTRODUCTION
The cytochrome P450 system presents an example of ex-
quisite control of the production of metabolic compounds.
Pathways involving this enzyme provide a very interesting
biochemical system for investigating problems related to
electron transfer, substrate binding, redox, and protein-pro-
tein interactions.
The in vivo function of the P450cam enzymatic complex
is to catalyze the stereoselective oxidation of camphor to
5-exo-hydroxycamphor. It has recently been shown that
P450cam can also metabolize a number of compounds (not
all related to camphor). The reactions that this enzyme is
capable of catalyzing include dehalogenation, carbon hy-
droxylation, epoxidation, and sulfoxidation (Gelb et al.,
1982; Collins and Loew, 1988; Jones et al., 1992; Fruetel et
al., 1992; Koe and Vilker, 1993; Li and Wackett, 1993;
Fruetel et al., 1994; Loida et al., 1995; Grayson et al., 1996).
The driving force behind our interest in these protein com-
plexes is to use their catalytic power for practical purposes,
such as biocatalysis.
The full catalytic cycle of P450cam starts with reducing
power provided by NADH, which in turn reduces the FAD-
containing protein putidaredoxin reductase (PdR). PdR then
transfers an electron to putidaredoxin (Pdx). The final step
in this cascade involves a complex formation between Pdx
and P450cam and a subsequent electron transfer. Two elec-
trons are required per turnover, transferred in two discrete
steps.
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Of the three major proteins in this cycle, only the struc-
ture of P450cam has been elucidated by X-ray methodology
(Poulos et al., 1987). There has been no reported X-ray
structure for Pdx or PdR. Recently a model has been pro-
posed for the structure of Pdx by NMR methods (Pochapsky
et al., 1994). A discussion of this structure and the methods
used for its elucidation will be presented in the rest of this
paper.
Pdx is a 106-amino acid protein (MW 11,594) containing
a Fe2S2. The Fe2S2 of Pdx has unique electronic structure
properties. The most important one is the fact that the
oxidized protein has a silent EPR signal at low tempera-
tures, indicative of antiferromagnetic coupling between the
two iron atoms, each one with its own spin, S = 5/2.
However, as the temperature is raised, an EPR signal ap-
pears, and the cluster becomes paramagnetic (Poe et al.,
1971). The main effect derived from the presence of a
paramagnetic center is to shift and broaden the NMR sig-
nals. All nuclei within 8 A of the paramagnetic center will
be affected, and thus dependable structural data for those
regions cannot be extracted from NMR experiments (Chae
and Markley, 1995).
Recently the structure of Pdx has been elucidated by
multidimensional 1H NMR (Pochapsky and Mei, 1991; Mei
et al., 1992; Pochapsky et al., 1994; Lyons et al., 1996).
Despite the problems associated with the paramagnetic cen-
ter, Pochapsky's group successfully found 878 NOE-de-
rived distance restraints, 66 4 angular constrains (from
NH-CH coupling constants), and a number of paramag-
netic broadening constraints. There are data to support the
idea that the regions close to the metallic cluster are homol-
ogous among a series of ferredoxins. The overall sequence
homology between Pdx and the ferredoxins of Spirulinas
platensis and Anabaena is low (around 10%), but the metal
cluster regions have large homology. This enabled Po-
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chapsky to model the active site region of Pdx based on
homology with Anabaena 7120 ferredoxin (whose X-ray
structure, 1FRD is known), by using 4--qi restraints for the
homologous (nonglycinil) residues to find the optimal struc-
ture for Pdx. The protocol proceeded through a simulated
annealing refinement, with ramped van der Waals repulsion
terms. No solvent or electrostatic terms were included.
Twelve possible structures that satisfy these constraints
were deposited in the PDB data base under the name IPUT.
These structures will be referred to as the "PDB structures"
for the rest of this article. The average pairwise RMSD (root
mean square deviation) for these structures was 1.14 A for
the backbone atoms (C., N, and C) and 1.80 A for all
nonhydrogen atoms (including side-chain heavy atoms).
This indicates that the proposed structures are very similar,
and are certainly within normal thermal fluctuations for
most of the protein.
In cases where restrained molecular dynamics has been
used to optimize particular structures, it becomes necessary
to compute trajectories with the restraints turned off, and
with a full force field, without the usual neglect of electro-
static interactions. In this way, all available conformers will
be sampled, with no bias toward those that satisfy NOE
restraints. It is important to determine the stability and
topological integrity when the experimental restraints are
removed. In the case of NMR, it becomes important to note
that the strong NOE dependence on the interatomic dis-
tances tends to bias the conformations toward short dis-
tances between related nuclei. This means that in cases
where there are large fluctuations of a particular region (as
determined by MD), the relevant distances can change dras-
tically during the time scale of the experiment, and only
those conformations that actually give rise to NOEs will be
seen. A case of such large fluctuations will be presented
later in this paper.
One of the most striking properties of Pdx is the existence
of a tryptophan as the C-terminal residue. Experiments have
shown that this residue is found at the binding interface
between Pdx and P450cam. Enzymatic removal of this
residue greatly reduces the activity in the reconstituted
hydroxylase system (Sligar et al., 1974). Recently, site-
directed mutagenesis experiments have been performed,
and modifications have been introduced in the C-terminal
site (Davies and Sligar, 1992; Holden et al., 1997). These
data suggest that the existence of aromatic residues in this
position is important to the binding process, but that the role
of W106 in electron transfer is less essential. The main
effect of the presence of W as a C-terminal residue is to
provide for differential affinities between P450cam and
reduced or oxidized Pdx.
Another set of important data regarding W106 is found in
the fluorescence experiments of Sligar's group (Stayton and
Sligar, 1991). They have performed steady-state fluores-
cence experiments in both redox states for Pdx. The emis-
sion spectrum has a maximum at 358 nm, indicative of a
solvent-exposed indole ring. They have also found a steady-
rotating free of protein constraints. Three different lifetimes
for the fluorescence decay were observed (0.3, 2, and 5 ns).
The most striking observation was the fact that the compo-
nents with the two longest lifetimes present differential
quenching rates with iodine ion, indicating the presence of
more than one conformation for W106. Direct molecular
dynamics results supporting this observation will be pre-
sented, and a discussion of this structural microheterogene-
ity will be included in the Results.
The work presented here consists of the description and
analysis of a molecular dynamics simulation for Pdx. Pa-
rameters were developed for the treatment of the metallic
center and its interaction with its four cysteine anchors. The
protein was immersed in a cubic box of water molecules,
and counterions were added for overall charge neutrality. A
particle mesh Ewald (PME) method was used to account for
the long-range electrostatic forces. Three different simula-
tions were run, each lasting -1 ns. A detailed analysis of
the structure and dynamics of these MD simulations was
performed by standard techniques. In particular, given the
importance of the C-terminal region of the protein, a locally
enhanced sampling (LES) analysis was performed involved
Q105 and W106.
The importance of this work resides in showing the need
for a study of protein dynamics when dealing with systems
that have been shown experimentally to be highly mobile.
The information obtained from the present simulations will
allow us to study the more important issues of binding and
electron transfer properties between Pdx and P450cam, in a
framework that goes beyond the use of single structures,
thus incorporating important dynamical effects.
METHODS
All molecular dynamics simulations have been run using the program
AMBER 4.1 (Pearlman et al., 1995) from UCSF. The parameters for the
molecular dynamics simulations were used as described in the all-atom set
contained in AMBER 4.1 (Cornell et al., 1995), except as noted.
An important issue when dealing with metal center proteins is the
availability of potential energy parameters. In the case of iron-containing
proteins, this problem is compounded because high-level ab initio calcu-
lations on sizable systems become extremely difficult. A number of ex-
periments have been performed in proteins related to the present one, or in
model systems designed to mimic the active center (Han et al., 1989; Fu et
al., 1992). Some theoretical studies have computed effective charges in the
metallic clusters (Mouesca et al., 1994).
It has been experimentally determined that the Fe2S2 cluster is bonded
to four cysteine residues numbered Cys39, Cys45, Cys48, and Cys86 (Gerber
et al., 1990). A set of parameters for these residues as well as the Fe2S2
cluster is available from the author on request. All other parameters have
been extracted from the regular AMBER data base. The charges of the
ionizable residues were assigned as their default values at pH 7. The overall
charge for Pdx is -9.
The simulation was set up as follows. The structure named IPUT was
extracted from the PDB data base (Bernstein et al., 1977). The protein was
immersed in a box of TIP3 water molecules. The wetting was set up such
that at least 8 A was available between the surface of the protein and the
box sides. Furthermore, at least 2 A was left between the surface of the
protein and the closest 0 atom of any water molecule, so as to prevent
unfavorable overlaps. Counterions (in the form of Na+ and Cl-) were
state anisotropy of 0.04, suggesting a tryptophan residue
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After this procedure is finished, the system is neutral in charge. This
procedure results in a box containing 1569 protein atoms, 19 counterion
atoms, and 3155 water molecules, totaling 11,054 atoms in the system,
including hydrogens.
The system was heated from 0 K to 300 K over 100 ps, using periodic
boundary conditions and a constant pressure algorithm (with a pressure
relaxation time of 0.2 ps), and a particle mesh Ewald (PME) implementa-
tion of the Ewald sum for long-range electrostatics (Darden et al., 1993;
Kollman et al., 1995). The use of PME is crucial for long molecular
dynamics runs (longer than 200 ps), especially in systems that have a large
concentration of charges, such as this one.
A dielectric constant of 1 was used throughout. A spherical cutoff of 8
i was used for the Lennard-Jones nonbonded potentials, which were
updated every 20 fs. The time step was 2 fs. The bonds that involved a H
atop were constrained to their equilibrium lengths by the SHAKE method
(Ryckaert et al., 1977). After the heating period was completed, another 50
ps of equilibration was carried out under the same set of parameters.
During the equilibration period, the pressure was stabilized around 1 atm
and the temperature around 300 K. All components of the energy behaved
properly, with the total energy fluctuating less than 1%. The temperatures
of the solute and solvent were independently coupled to a heath bath, with
both couplings using a 0.2 ps time constant. After the system was equili-
brated, the box size stabilized around 52.34(0.06) X 48.97(0.06) X
43.79(0.05) (with the numbers in parentheses representing single standard
deviations during the MD runs). The overall volume fluctuation was 0.3%.
All MD runs were performed on either a 4 Proc SGI Power Challenge
or on eight processors of an IBM SP2. The system was optimized for a
throughput of 1 ns/week.
RESULTS AND DISCUSSION
Overall behavior of the PDB structures
As an indicator of the overall stability of the PDB structures,
the RMSD, computed using only the Ca, for all residues, was
3.5
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FIGURE 1 Cs, RMSD versus time.
The thick line is computed against the
PDB structure and the thin line is com-
puted against the MD average struc-
ture.
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calculated during the first nanosecond of dynamics. The
deviation of the dynamical structures against the PDB struc-
ture is shown as a thick line in Fig. 1. The value of this
RMSD after heating and equilibrating is already 2 A, and
reaches values close to 3 A during the dynamics. The fact
that the RMSD seems to converge to a value that it is not
extremely large lends the first hard evidence that the struc-
ture, as deposited in the PDB data base, is essentially
correct. The thin line in Fig. 1 represents the C, RMSD
during the dynamics, computed against a structure that
represents the MD average. This RMSD stabilizes around 1
A, meaning that the MD runs fluctuate very little around
their own average.
Once the overall stability of the structure has been deter-
mined, it becomes of interest to investigate how different
regions in the protein fluctuate. Fig. 2 shows the average
RMSD fluctuations for each residue, computed against the
average structure. As shown in Fig. 1, the overall RMSD is
on the order of 1 A. This means that residues that fluctuate
more than that are more mobile than the average, whereas
residues with a RMSD lower than 1 A are more rigid. The
region around residues 64 and 73 and the last two residues
in the C-terminal region are the more mobile segments in
this protein. Fig. 3 presents a different view of the same
effects. Equispaced time frames, spanning a total of 1-ns
dynamics, have been superimposed. Only the backbone is
shown for all residues, except W106, for which the side
chain is also included. Labels for selected residues are
included to aid visualization. The most important feature of
1000200 400 600 800
Time (ps)
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FIGURE 2 RMSD fluctuations as a
function of residue number during the
dynamics.
cn 1.0
0.5
0.0
0
Fig. 3 is the fact that the overall structural integrity seems to
be preserved very well. It can be seen from this picture that
some areas are highly mobile (the Asp58 region and the side
chain for W106), and others seem to be quite rigid (the
region around the Fe2S2 cluster). This latter fact adds sup-
port to Pochapsky's assumption regarding the low flexibil-
ity of the cluster region.
SER 7 A
SER 29
%w L A~~~~~~~~L 1 8
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GLU 93
FIGURE 3 Superimposed frames during the dynamics. The frames are
equispaced in time. Only the backbone is shown for all residues except
W106, for which the side chain is also included.
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The results from the dynamics and the apparent high
disorder at the C-terminal region shown in Fig. 3 provide a
wealth of information about the flexibility of the Pdx sys-
tem. It shows that for this protein (as well as for most
others), the concept of a single structure is probably highly
misleading, and that information concerning the dynamics
of the system cannot be transmitted by a single structure.
Microconformers
Of the regions of high mobility, the most relevant for the
function of Pdx is the C-terminal region. Detailed analysis
of the dynamical trajectories is warranted in this region, and
some results will be presented here. Fig. 4 is a zoomed-in
version of Fig. 3, showing only residues Q105, W106, and
the Fe2S2 cluster. The W106 side chain appears to be
completely disordered, with no particular preferred confor-
mation. A clustering analysis shows a very different picture.
The idea is to identify clusters of structures that can mini-
mize the intracluster RMSD deviation, while differentiating
themselves from other clusters. Two clusters are said to be
different if the average RMSD deviation between members
of different clusters is larger than a given cutoff. If the
cutoff is set to zero (or a very small value), then the number
of clusters will equal the number of structures, with each
structure belonging to its own cluster. On the other hand, if
the cutoff is chosen to be very large, only one cluster,
containing all structures, is obtained. Neither of these ex-
treme cases provide much useful information. A cutoff of
3.5 A was chosen as giving the most stable distribution of
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FIGURE 4 Expanded version of Fig. 3, showing only residues Q105 and
W106 and the Fe2S2 cluster.
clusters. The clustering was performed using routines in-
cluded in the program Moil-View (Simmerling et al., 1995).
The results of this clustering technique are useful in under-
standing the dynamical processes taking place on a nano-
second time scale. When we focus on the last two residues
in Pdx, six clusters are obtained. Two of them are highly
populated, whereas the other four are sparsely so. The two
main clusters were studied. Cluster A and cluster B appear
49% and 40% of the time, respectively. Table 1 presents the
values of the dihedral angles for structures representative of
these two clusters. The clustering technique can then serve
to unscramble the seemingly random form of Fig. 3, by
showing that there are mostly two different conformations,
each with enough flexibility to look like one single disor-
dered system. The two clusters differ from one another
mostly in the values for XI and X2 for residue W106. It is
then useful to reanalyze the dynamics runs to find signatures
for this behavior. Fig. 5 shows the values of XI and X2 for
residue W106 during the dynamics. We see that there is a
"flip" in the value of XI from positive to negative values
during the dynamics, and that the equilibrium values for X2
in the two cases are slightly different. If we count the
number of occurrences in each of the two clusters, we find
the same ratio as in the clustering analysis, that is 49/40.
This particular type of flip occurs in the nanosecond time
scale.
Of particular interest is the comparison of these data with
experimental results from Sligar' s group. According to
Stayton and Sligar (1991), the time-dependent fluorescence
TABLE 1 Dihedral angles for the two main C-terminal
clusters encountered during the dynamics
Dihedral angle Cluster A Cluster B
4)Q105 -129.17 -95.12
1PQ105 -16.20 -37.50
OW106 -121.77 -151.27
X1,w106 -66.94 41.05
X2,w106 114.60 82.86
of the only tryptophan residue in Pdx (W106) can be de-
convoluted into at least three different components, with
two of them showing different quenching rates with I-. This
difference in quenching rates can be ascribed to different
accessible surface areas (ASA) (described below in detail).
In fact, the two clusters described above have ASAs of 109
and 120 A2, respectively. It is important to note that neither
the time scale nor the sampling provided in this calculation
warrants the complete identification of such clusters with
Sligar's microconformers.
Fluorescence depolarization
The use of fluorescence depolarization as a tool to study the
dynamics of proteins has a long and fruitful history (La-
kowicz, 1983). It uses the preferential absorption of photons
whose electric vectors are aligned parallel to the transition
moment of the fluorophore. In a homogeneous solution, this
will also result in a partial polarization of the fluorescence
emission. Measurement of the fluorescence depolarization
parameter provides information about the relative angular
displacement of the fluorophore during the time between
absorption and emission.
According to Stayton and Sligar (1991), not only does the
steady-state emission fluorescence spectrum of the only
tryptophan residue in Pdx (W106) peak at a wavelength of
358 nm, indicative of a completely solvent exposed residue,
but its anisotropy of 0.04 is characteristic of a rotation that
is partially free of overall protein tumbling. The data pro-
vided by the molecular dynamics simulations described
above can be used to compute the fluorescence anisotropy.
The time-dependent anisotropy can be written as
-t=II(t)- (t)
III(t) + 2IL(t) (1)
where III and IL are the fluorescence intensities polarized
parallel and perpendicular to the polarization of the incident
beam at time t. This can be expressed (following Ichiye and
Karplus, 1983) in a way amenable to molecular dynamics
simulations by using the language of correlation functions:
a(t) = -e- (P2[AlA(O) */E(t)1) (2)
where Tm is the overall correlation time for rotation of the
whole molecule (usually tens of nanoseconds), and ^1A and
/E are the unit transition dipole vectors (absorption and
emission, respectively) with components defined in a local
coordinate system fixed in the molecule. P2 is a second-
order legendre polynomial. The angle brackets represent an
ensemble average.
Fig. 6 presents the behavior of the correlation function
(P2(r17(t) * ri(0))), where i and j represent two atoms in
the system. The correlation function was computed follow-
ing the method described by Palmer and Case (1992). The
thick line corresponds to a vector that joins atoms CQ1 and
C,3 in W106, and should be considered as representative of
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FIGURE 5 Values of XI and X2 for
W106 during the dynamics runs. Note
the existence of two distinct clusters.
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the indole ring rigid rotation. The dashed line represents the
correlation function for a vector joining the N and H atoms
in the backbone of W106. Although there is no fluorescence
associated with the backbone, it serves as a comparison
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FIGURE 6 Correlation function
defined as (P2(r17(t) - r,j(0))) as a
function of time. The thick line cor-
responds to a vector that joins atoms
C8, and C,3 in W106. The dashed line
represents the correlation function for
a vector joining the N and H atoms in
the backbone of W106.
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experimental value for the anisotropy of the W106 ring has
been reported as 0.04 in a steady-state measurement. The
time scale for such an experiment is on the order of a few
nanoseconds, and it indicates that the indole ring is effec-
tively free to rotate within that time scale. This is com-
pletely consistent with the results shown in Fig. 6, where the
indole ring shows extreme dephasing with respect to its
initial conditions in a nanosecond time scale.
Pdx-P450cam binding
Recently Pochapsky has proposed a plausible structure for
the Pdx-P450cam complex based on modeling techniques
(Pochapsky et al., 1996). According to that model, there are
mainly three ion pairs, some favorable hydrogen bonds, and
an aromatic-aromatic interaction responsible for the bind-
ing. The three ion pairs proposed are between (first residue
in Pdx and second in P450cam) D38-R1 12, D34-R109, and
COOH W106-R79. The MD runs have been analyzed to
search for distance distributions for these residue pairs. Fig.
7 presents the histograms for the interatomic distances for
selected residues in Pdx (C7, D34-C W106 (top), C,
D34-CY D38 (middle), and C,, D38-C W106 (bottom)).
The fluctuations of these solvent-exposed charged residues
are very large. The distances between these atom have to
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match, on average, with the corresponding residues in
P450cam. The matching distances in the X-ray structure of
P450cam (Poulos et al., 1987) provide a tight control for the
binding hypothesis. Table 2 presents the distances (average
distances with errors measured as a single standard devia-
tions) between relevant residues (as measured between CY
for D, C; for R, and the carboxylate C for W). The distances
from the MD runs match almost perfectly with the corre-
sponding distances in P450cam, providing very strong sup-
port to Pochapsky's hypothesis regarding the residues in-
volved in binding. It is important to mention that the
distances obtained from the PDB structure for Pdx do not
match as well, mostly because of a change in conformation
of W106 and its carboxylate group. Fig. 8 shows residues
D34, D38, and W106, for both the MD trajectory (solid line)
and PDB (dashed line) structure. The difference in the
conformation for residue W106 appears in every MD run
performed, and happens within 20 ps of dynamics. The
overall result of this change in conformation is to increase
the distance between the carboxylate group in W106 and the
carboxylate ends of D34 and D38, toward values that match
the associated triangle on P450cam, as shown in Table 2.
Solvent accessibility of W106
One of the findings of Stayton and Sligar (1991) is the fact
that the fluorescence emission spectrum for W106 is repre-
sentative of a fully solvent-exposed indole ring. This model
has been tested in the simulations performed for this article.
Accessible surface areas (ASAs) are calculated by com-
puting the van der Waals surface for the protein and then
rolling a sphere of 1.4 A (representing a water molecule)
around it. The area of the contact points is then the ASA.
These areas have been computed for the indole ring in
W106 in four different systems. The first corresponds to the
structures deposited in the PDB data base (expressed as an
average for the 12 structures), the second to the MD runs
presented here (also as an average over the dynamics), and
the third and fourth are capped tryptophan residues, in
a-helix and (3-sheet conformations, respectively. The results
are presented in Table 3 and are given in A2.
The most important result is that there is a statistically
significant difference between the ASAs of the MD struc-
tures and those deposited on the PDB data base. Moreover,
if we consider the ASA values for the a-helix and (-sheet
conformations as upper limits on solvent exposure, we can
see than the MD structures are substantially closer to those
values than those deposited in the PDB data base. This point
is important because, as mentioned above, experimental
evidence suggests a fully solvent-exposed indole ring for
W106.
Locally enhanced sampling
A more detailed modeling of the C-terminal region of theFIGURE 7 Histograms showing distance distribution for Cy D34-C
W106 (top), Cly D34-Cy D38 (middle), and C'Y D38-C W106 (bottom). protein was carried out using a technique known as locally
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TABLE 2 Distances between residues proposed to interact during P450cam-Pdx binding
Pairs (P450cam) Distance (A) Pairs (Pdx) Distance (A) (MD) Distance (A) (PDB)
R112-R109 11.0 D38-D34 9.6 ± 1.8 10.1 ± 2.0
R112-R79 16.9 D38-W106 17.1 ± 1.5 7.7 ± 1.6
R109-R79 15.3 D34-W106 18.7 ± 1.8 12.8 ± 2.3
Errors are expressed as single standard deviations.
enhanced sampling (LES). LES has been designed to over-
sample regions of a system that are of interest, without
spending large amounts of computer time in parts of the
system that are not as important. In the present case, one
would like to search for low-energy configurations of the
C-terminal region, provided we know the structure of the
rest of the protein. LES functions by making copies of the
interesting region, while keeping the uninteresting parts
intact. These copies do not interact with each other, while
interacting with the rest of the system in a mean field way.
This means that the rest of the system feels a force that
comes from the average of the copies. This method has been
used previously to study ligand diffusion in proteins (Elber
and Karplus, 1990), side-chain placement (Roitberg and
Elber, 1992; Koehl and DeLarue, 1994), protein loop mod-
eling (Zheng and Kyle, 1994), small molecules (Huber et
al., 1996), peptides (Simmerling and Elber, 1994, 1995),
and ligand docking (Miranker and Karplus, 1991; Rosenfeld
et al., 1993). It has been shown (Roitberg and Elber, 1992)
that the global minimum of the new system with the copies
is exactly the same as the global minimum of the real
system, and the barriers between different local minima are
reduced substantially. This two facts combine to ensure that
a global optimization of the new system provides the proper
answer for the original ensemble, but that the optimization
proceeds in a much easier way because of the lower barriers.
Once the LES ensemble is set up, the system is usually
optimized by using a simulated annealing algorithm (Kirk-
W106, MD
D34, PDB
'I.
D38, PDB
D38, MD
FIGURE 8 View of the three residues involved in binding between Pdx
and P450cam. The thick lines correspond to the MD structures and the
dashed lines to the PDB structure.
patrick et al., 1983). The LES protocol provides a self
control for finding the global minimum. As mentioned
above, the global minimum for the real and modified sys-
tems coincides. This happens when all of the copies in the
LES system manage to converge to the same position. It is
possible that, after careful convergence, copies are still
found in different positions. This happens when either the
system has not been cooled slowly enough to reach the
global minimum, or said minimum simply does not exist,
and the system has a number of degenerate multiple min-
ima. The first possibility can be discarded by running the
annealing at a much slower pace. For all LES simulations
presented in this article, convergence has been checked by
increasing the annealing times to much longer values. In all
cases, results for the shortest simulations that maintain the
overall results are shown.
In the present case, residues 1-104 plus the Fe2S2 cluster
were kept fixed at their MD equilibrated positions. Residues
Q105 and W106 were the LES part of the system. The
backbone for those two residues, taken as a whole, was
copied twice. Then the side chains for the same residues
were extended to three copies. This means that a total of two
copies for the two C-terminal residue backbones, plus six
copies for the side chains in those residues were studied.
These copies, plus all water molecules in the box described
in the Methods section, were allowed to move. A 0.5-fs time
step was used, and the moving part of the system was heated
to 1600 K. This set was equilibrated for 200 ps at that high
temperature. Improper dihedral constraints were added to
preserve chirality at this temperature. The dihedral angles
were completely randomized. A sphere of 10 A was set up
around the two last residues, and all of the waters molecules
within this zone were allowed to move for the next part of
the simulation. The new system consisted then of a moving
section containing 210 protein atoms and 317 water mole-
TABLE 3 Accessible surface areas for the structures
deposited in the PDB data base expressed as an average for
12 structures (PDB), for the MD runs presented here (also as
an average over the dynamics, MD) and for capped
tryptophan residues, in an a-helix and 18-sheet conformations,
respectively
Structures Accessible surface area (A2)
PDB 78.1 ± 9.7
MD 111.8 ± 4.8
a-helix 120.16
13-sheet 113.51
Errors are expressed as single standard deviations.
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cules, while the rest of the original system remained fixed.
This new system was equilibrated at 1600 K for another 100
ps. Each simulation consisted of a very slow annealing
schedule. The temperature was lowered from 1600 K to 100
K over a l-ns period, with a linear scaling in temperature.
Finally, 20 ps of MD was performed at 10 K to produce
structures that are minimized.
Five different annealings were performed, each one fol-
lowing the same protocol but starting from different initial
conditions. All results will be presented as the relevant
dihedral angles for Q105 and W106, that is, 0105, 4'105,
106, X1,106, and X2,106 The most important finding of these
simulations is the fact that the C-terminal region seems to be
highly disordered, with many different minima having es-
sentially the same energy. Fig. 9 shows the behavior of the
dihedral angles for W106 during the annealing for one of
the LES runs. At high temperatures (1600 K), the dihedral
angles can take most values. Then, as the annealing pro-
ceeds, the system tries to find the global minimum. For
instance, for W106 stops undergoing transitions at tem-
peratures around 400 K, whereas XI does so only when the
temperature drops below 200 K. X2 is still disordered, even
at 100 K.
The issue of the final values for the relevant dihedral
angles is slightly more complicated. It was found that in
almost all cases, the results from different simulations show
the angles to have converged to different values. Fig. 10
shows the final annealed structure for two of the five LES
runs.
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FIGURE 9 Dihedral angle behavior for residue W106 during LES an-
nealing. The total annealing time was 1 ns.
W106
Fe2S2 cluster
A
W106
Q105 Fe2S2 cluster
B
FIGURE 10 Final structures for two different LES annealings. Note that
A (top) converged to a single minimum for all copies, whereas B (bottom)
has each copy in a different conformation.
The results of run A (shown on top) are consistent with a
single deep minimum for residues Q105 and W106 (note the
six copies for the side chain essentially superimposed).
However, run B shows a very different picture; not only
have the copies within this run not found a single minimum
(five copies of the side chain for W106 are in a particular
conformation, whereas the other is in a different one), but
the main conformer for this run is very different from the
one found in run A. These discrepancies are found over the
five simulations. Because all of them are converged in a
simulated annealing sense (each one has found a "good"
minimum), we can only conclude that the system is highly
disordered.
It is important to note that these LES simulations do not
offer any answers to the questions of barriers between
possible minima, or the times scale required for them. It is
only relevant to the existence of a large number of almost
degenerate minima. We know, based on the regular MD
discussed above, that at least two of these conformers can be
visited in the nanosecond regime.
CONCLUSIONS
The work presented here provides some details and results
from molecular dynamics simulations of putidaredoxin.
..;.. *,-'.
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One of the main results is the fact that the structure of Pdx,
as deposited in the PDB data base and obtained by NMR
techniques, seems to hold up well when it is subjected to
long, unrestrained MD with full solvent. A number of small
differences are present between the PDB and MD structures.
In all of these cases, the differences could be traced back to
the high mobility of some regions of the protein. In partic-
ular, the C-terminal region, that has been suggested to be
important for the interaction between Pdx and P450cam, is
highly mobile. In accordance with experimental results, the
side chain for W106 has been found in at least two confor-
mations. The structures obtained from the dynamics show
extreme angular movement in the nanosecond time scale for
the indole ring in W106, consistent with the experimental
evidence from Sligar's group, obtained by fluorescence
anisotropy techniques.
The accessible surface areas seen during the dynamics are
significantly larger than those of the structures deposited in
the PDB data base. These high values for the ASAs are
consistent with the experimental evidence that the fluores-
cence spectrum for W106 in Pdx has a maximum corre-
sponding to extreme solvent exposure.
It is then important, when dealing with proteins that have
high mobility, to use techniques such as molecular dynam-
ics to sample some of the conformational space available to
the molecule, especially solvent and full electrostatic effects.
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